AbsTrACT background sensitive outcome measures for clinical trials on cerebellar ataxias are lacking. Most cerebellar ataxias progress very slowly and quantitative measurements are required to evaluate cerebellar dysfunction. Methods We evaluated two scales for rating cerebellar ataxias: the composite cerebellar Functional severity (ccFs) scale and scale for the assessment and Rating of ataxia (saRa), in patients with spinocerebellar ataxia (sca) and controls. We evaluated these scales for different diseases and investigated the factors governing the scores obtained. all patients were recruited prospectively. results There were 383 patients with Friedreich's ataxia (FRDa), 205 patients with sca and 168 controls. In FRDa, 31% of the variance of cerebellar signs with the ccFs and 41% of that with saRa were explained by disease duration, age at onset and the shorter abnormal repeat in the FXN gene. Increases in ccFs and saRa scores per year were lower for FRDa than for sca (ccFs index: 0.123±0.123 per year vs 0.163±0.179, p<0.001; saRa index: 1.5±1.2 vs 1.7±1.7, p<0.001), indicating slower cerebellar dysfunction indexes for FRDa than for sca. patients with sca2 had higher ccFs scores than patients with sca1 and sca3, but similar saRa scores. Conclusions cerebellar dysfunction, as measured with the ccFs and saRa scales, was more severe in FRDa than in patients with sca, but with lower progression indexes, within the limits of these types of indexes. ceiling effects may occur at late stages, for both scales. The ccFs scale is rater-independent and could be used in a multicentre context, as it is simple, rapid and fully automated. Trial registration number clinicalTrials. gov: NcT02069509.
InTroduCTIon
There is clear need for scales for assessing cerebellar dysfunction for clinical trials on ataxia. It is crucial to capture small variations of cerebellar dysfunction for cerebellar diseases that progress slowly. The most frequent cerebellar diseases are Friedreich's ataxia (FRDA) and autosomal dominant spinocerebellar ataxias (SCAs) resulting from an expansion of CAG repeats in the SCA1, 2, 3 and 7 genes.
1 FRDA is an autosomal-recessive disease consisting of progressive cerebellar and sensory ataxia, beginning around puberty. 2 The European Friedreich's Ataxia Consortium for Translational Studies (EFACTS) was created in framework European framework (as part of the FP7 programme) and has assembled the necessary expertise for a fully translational research strategy on FRDA and its treatment. The European registry of patients with FRDA is an essential component of clinical studies, including observational studies and clinical trials. 3 Several scales including clinical elements have been proposed for measuring FRDA severity and progression, including the International Cooperative Ataxia Rating Scale (ICARS), 4 the Friedreich Ataxia Rating Scale (FARS) 5 and the Scale for the Assessment and Rating of Ataxia (SARA). 6 Performance-based scales have been successfully used in FRDA 7 and are less subject to inter-rater variability than clinical scales. This is a desirable feature given the multicentre context in which FRDA studies are performed. The Composite Cerebellar Functional Severity (CCFS) score is a quantitative performance-based scale validated for autosomal-dominant SCA in adults and children. [8] [9] [10] The objectives of this study were to compare severity of the disease of both FRDA and SCA, to assess clinical utility of the SARA and CCFS scales for studies and to identify the factors governing the scores obtained for these scales. The results of this study will be important for the validation of these two scales for clinical trials.
MeThods
Within the EFACTS framework (http://www. e-facts. eu), patients with FRDA were enrolled in a prospective, longitudinal study at 11 European centres. 
Patients
Between October 2010 and June 2015, 605 adults and children over the age of 6 years were included in this study performed within the EFACTS network, including 383 patients (Aachen, n=27; Bonn, n=14; Brussel, n=27; Innsbruck, n=35; London, n=60; Madrid, n=47; Marburg, n=5; Milan, n=80; Munich, n=32; Paris, n=42 and Tübingen, n=14) with both CCFS and SARA evaluations, together with information about age at onset (defined as age at the time of the first clinical For an additional 199 patients with FRDA (Aachen, n=2; Bonn, n=2; Innsbruck, n=6; London. n=85; Madrid, n=29; Marburg, n=2; Milan, n=53; Munich. n=5; Paris, n=7 and Tübingen, n=8) SARA scores and disease durations were available, but CCFS values were missing due a lack of availability of the device required for this test or the patient's limitations.
We also recruited 205 consecutive patients with dominant ataxias due to mutations of the SCA1, 2, 3 and 7 genes attending the Genetics Department and the National Reference Center for Rare Diseases of Pitié-Salpêtrière University Hospital in Paris. Age at onset, disease duration and SARA evaluation data were available for all these subjects.
Finally, 168 healthy control individuals (7-74 years of age) were also recruited in Milan and Paris.
For all individuals, information about the sex of the patient, age at examination and centre was available.
ethical standards
Informed consent was obtained from patients or their authorised representatives (for patients under the age of 18 years or unable to confirm consent due to clinical impairment) before inclusion in the study, in accordance with the protocol for the EFACTS study or that for the SPATAX study (INSERM C10-41 and INSERM RBM 01-29). These studies are registered with ClinicalTrials. gov, number NCT02069509. This study was, therefore, performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its subsequent amendments.
Genetics
Genetic testing (number of GAA-triplet-repeat expansions within the first intron of the frataxin gene or the existence of a point mutation) was performed for all patients with FRDA as described by the Laboratory of Experimental Neurology at the Université Libre de Bruxelles (Brussels, Belgium). 11 For EFACTS, inclusion required a confirmed genetic diagnosis of FRDA. Patients with point mutations were excluded (n=15). Genetic information for subjects with SCA was taken from their medical records.
Clinical evaluation
SARA is a semiquantitative scale developed for the assessment of functional impairments due to ataxia, with values from 0 (no ataxia) to 40 (most severe ataxia). It consists of eight items assessing stance, sitting, speech disturbance, finger chase, dysmetria, nose-finger test, tremor, fast alternating hand movements and heel-shin slide. 6 The CCFS is a quantitative assessment initially developed and validated for comparisons of subjects with SCA with healthy controls.
It includes two functional tests for the dominant hand: the nine-hole pegboard test (time required to place dowels in nine holes) and the click test (time required to perform 10 finger-pointing cycles). 8 As performance is age-dependent, the times required to perform the two tests are adjusted for age by calculating Z-scores, which are then added together to give the CCFS score. 10 An electronic device is used to acquire test times automatically and to calculate the final score. CCFS score is a quantitative score, independent of age, with higher values indicative of more severe cerebellar impairment. Both tests were administered by a trained clinician or assistant, during the EFACTS visits for subjects with FRDA and during routine annual follow-up visits for the other subjects.
statistical analysis
Cerebellar dysfunction indexes were calculated by dividing the CCFS score (and the SARA score) by the disease duration to distinguish the impairment due to the disease itself from the impairment due to longer disease duration.
We compared population characteristics and severity scores between diagnoses, using the Pearson's χ² test for qualitative variables or analysis of variance (ANOVA) for quantitative variables. Posthoc pairwise t-tests were performed for each significant ANOVA, with P values adjusted for multiple testing by Holm's method (P c ). Differences in characteristics between subjects with and without available CCFS data were assessed by ANOVA. For subjects without available CCFS data, we compared those unable to perform the test with those for whom the test could not be performed for technical reasons.
Correlation between CCFS score, SARA score, age at onset, disease duration and the number of repeats of the shorter allele were assessed and are reported with a 95% CI and P values.
We assessed the floor and ceiling effects of the SARA and CCFS scales, by analysing the relationship between CCFS and SARA scores by linear regression, with the addition of a quadratic term to the regression model and with non-linear models (sigmoid models) for each diagnosis. In the sigmoid model, we used the Gauss-Newton algorithm, with estimation by least squares, 12 and the most parsimonious model was retained. The relationship between the SARA dysfunction index and the CCFS dysfunction index was studied in a similar manner. Possible confounding factors were taken into account by multivariate linear regression analysis, including age at onset, disease duration and short allele length, in the FRDA population.
Structural equation modelling (SEM) was used to check the statistical plausibility of our hypotheses concerning the links between variables, based on recommended association of fit indices 13 : the standardised root mean square residual, for which values below 0.08 were considered to indicate a good fit, and the Patients with FRDA were significantly younger than patients with SCA and older than controls (33.1±14.6 years vs 48.2±13.9 and 21.4±16.6, respectively, P c <0.001 and P c <0.001). They were also significantly younger at disease onset (17.8±11.3 years vs 36.6±12.9, P c <0.001). Disease duration was significantly shorter for patients with SCA than for patients with FRDA (11.7±8.5 years vs 15.3±9.0, P c <0.001). The mean number of GAA repeats was 550 for the shorter allele (range: 60-1200) and 882 for the longer allele (range: 150-1334). The mean number of expanded CAG repeats was 46 for SCA1 (range: 39-57), 40 for SCA2 (range: 35-48), 72 for SCA3 (range: 56-78) and 48 for SCA7 (range: 42-62).
Comparison of the severity scores between disease groups
Both CCFS and SARA scores differed between diseases, with these scores higher for patients with FRDA than for patients with SCA and controls (table 1: CCFS: 1.225±0.158 vs 1.101±0.175 and 0.843±0.045 P c <0.001 and P c <0.001; SARA: 18.3±8.4 vs 13.5±7.0 and 0.8±1.0, P c <0.001 and P c <0.001), indicating more severe disease. After adjustment for disease duration, we used these scales to evaluate the cerebellar dysfunction. The CCFS and SARA cerebellar dysfunction indexes were smaller in FRDA than in patients with SCA (CCFS index: 0.123±0.123 per year vs 0.163±0.179, P<0.001; SARA index: 1.5±1.2 vs 1.7±1.7, P<0.001), indicating slower cerebellar dysfunction in FRDA than in SCA. Differences between genetic subtypes were detected in the population with SCA: patients with SCA2 had higher CCFS Figure 1 Relationship between ccFs score and disease duration (panels a,B), between saRa score and disease duration (panels c,D) and between saRa and ccFs scores (panels e,F), by diagnosis (FRDa or sca). The relationship between ccFs and disease duration is linear while the relationship between saRa and disease duration is quadratic in patients with FRDa. In patients with sca, both relationships are quadratic. The relationship between ccFs and saRa is sigmoid in both patients with FRDa and patients with sca with a not linear relationship below a threshold of 10 and above a threshold of 30 for patients with FRDa and below 6 and above 26 in patients with sca. ccFs, composite cerebellar Functional severity; FRDa, Friedreich ataxia; saRa, scale for the assessment and Rating of ataxia; sca, dominant cerebellar ataxia.
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scores than patients with SCA1 and SCA3, but similar SARA scores (see online supplementary table 1).
relationship between sArA score, CCFs score and disease duration in patients with FrdA and sCA Regression analyses showed that CCFS and SARA increased (worsening) with disease duration in FRDA ( figure 1A,C) , but a ceiling effect was observed only for SARA (negative quadratic term, P=0.0045). This ceiling effect was weaker, but nevertheless present, in the subjects not undergoing CCFS testing included in the analysis (see online supplementary figure 2).
The scores on both scales increased in patients with SCA ( figure 1B,D) and a ceiling effect was observed for disease duration (negative quadratic term, P=0.0001 and P<0.0001, respectively).
Furthermore, for regressions of SARA score against CCFS score, the best model for the patients with FRDA was a sigmoid model with both floor and ceiling effects ( figure 1E, P<0.0001) . The relationship between SARA and CCFS scores was not linear for SARA scores below 10 or above 24. For all patients with SCA considered together, the best model was a sigmoid model ( figure 1F, P<0 .0001), also with thresholds of 10 and 24. The sigmoid relationship was also the best fit for SCA1, 2 and 3 considered separately ( figure 2A-C) . For SCA7, the best relationship was linear, with 16 of the 18 SARA values lying between 6 and 24 (figure 2D).
CCFs score and FrdA
CCFS score was more closely correlated with disease characteristics (disease duration, age at onset and number of repeats in the shorter allele (r=0.38 (0.29 to 0.46), P<0.0001; r=−0.36 (−0.44 to −0.27), P<0.0001 and r=0.30 (0.20 to 0.38), P<0.0001, respectively) than with demographic characteristics, such as age at examination (r=−0.04 (−0.14 to 0.06), P=0.40). As expected, age at onset was closely correlated with the number of repeats (r=−0.65 (−0.70 to −0.59), P<0.001). We determined whether the relationship between the number of repeats in the shorter allele and the scores for the two scales was due to a direct relationship or a confounding effect of age at onset and/or disease duration, taking into account the pattern of correlations between variables, by performing SEM with all these variables ( figure 3A,B) . For both CCFS and SARA, scores were associated with the number of repeats in the shorter allele even after accounting for disease duration and age at onset. CCFS score, adjusted for the other covariates, increased by 0.28±0.06 (P<0.0001) for each additional repeat and by 0.46±0.04 (P<0.0001) for each additional year of disease duration, whereas it decreased by 0.18±0.06 for each additional year of age before onset (P<0.0001). Similarly, SARA score increased by 0.34±0.04 (P<0.0001) for each additional repeat and by 0.60±0.03 (P<0.0001) for each additional year of disease duration, whereas it decreased by 0.10±0.04 (P=0.017) for each year of age before onset. The models explained 31% of the variance for CCFS and 42% of the variance for SARA.
Characteristics of the populations with and without available CCFs score data
In total, 199 subjects underwent SARA testing, but not CCFS assessment. We found several differences between the patients who did and did not undergo CCFS testing. Patients who did not undergo CCFS testing had more severe disease: higher SARA scores (28.8±7. 8 
dIsCussIon
Cerebellar dysfunction, as assessed with the CCFS and SARA scales, was more severe in FRDA than in patients with SCA. However, after adjustment for disease duration, cerebellar function was found to be less impaired in FRDA than in patients with SCA, particularly for patients with SCA1 and 2, who are more prone to cerebellar dysfunction than patients with afferent ataxia. Thus the differences observed at inclusion are more explained by the disease duration than by the severity of the patients. These results should be confirmed with longitudinal data. These adjustments on disease duration have well-known limitations, especially for shorter disease durations and the extremes of disability: patients with a lower score and a shorter disease duration will have the same indexes as patients with a higher score and a longer disease duration.
SARA scores followed a linear trend between 10 and 24, with a floor and a ceiling in both patients with FRDA and patients with SCA. There are several possible explanations for this. First, SARA is a clinical assessment and is, thus, bounded, whereas the CCFS is unbounded. Second, the most severely affected patients may not have performed CCFS, thereby introducing a bias, although 27% of the subjects 
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undergoing CCFS testing had a SARA score above 24. The large number of missing CCFS data requires further investigation. Third, the CCFS is an objective scale whereas SARA is a clinical scale that is more subjected, despite being semiquantitative and standardised. SARA score may be more variable in patients with more extensive neurological signs (pyramidal, extrapyramidal and so on). Finally, 21% of those with a CCFS score <10 were children. Only the CCFS was validated in children. 10 The CCFS and SARA scales may therefore assess dysfunction differently, and they may be complementary.
For disease duration, the ceiling effect of SARA 14 and of other clinical rating scales, including ICARS and FARS, 15 16 has already been reported for patients with FRDA. The ceiling effect of SARA and CCFS observed in patients with FRDA and SCA with long disease durations may reflect an underperformance of these scales for the most severe disease stages or a slowing of the biological progression of the disease. 7 17 If confirmed in longitudinal studies, this ceiling effect of both scales at late stages has implications for the follow-up of the most severely affected FRDA subjects, particularly in terms of the potential use of these scales in clinical trials. 18 19 And it adds a further bias to the indexes dividing the scores by the disease durations. There is no consensus method for determining progression of cerebellar dysfunction in patients with ataxia. There is a need for a powerful method to detect different rates of disease progression to assess the relationship between disability and disease duration and help guide treatment decisions.
The effect of the number of repeats on age at onset and on phenotypic severity has been reported elsewhere. 20 Our study confirmed these findings and showed that the two scales gave similar results, with independent effects of both age at onset and disease duration in addition to short allele length, even when the complex correlations between variables were taken into account with an adapted model. SEM findings depend on the hypothetical path and, in this study, we confirmed the existence of a direct effect of age at onset and disease duration and direct and indirect effects of short allele length on both scales. However, these factors accounted for only a moderate proportion of the variance for the scores on these scales.
